We study the effect of large baryonic isocurvature perturbations on the abundance of deuterium (D) synthesized in big bang nucleosynthesis (BBN). We found that large baryonic isocurvature perturbations existing at the BBN epoch (T ∼ 0.1 MeV) change the D abundance by the second order effect, which, together with the recent precise D measurement, leads to a constraint on the amplitude of the power spectrum of the baryon isocurvature perturbations. The obtained constraint on the amplitude is 0.016 (2σ) for scale k −1 0.0025 pc. This gives the most stringent one for 0.1 Mpc −1 k 4 × 10 8 Mpc −1 . We apply the BBN constraint to the relaxation leptogenesis scenario, where large baryon isocurvature perturbations are produced in the last N last e-fold of inflation, and we obtain a constraint on N last .
Introduction
Light elements such as 4 He and D are synthesized at the cosmic temperature T around 0.1 MeV. The abundances of light elements predicted by the big-bang nucleosynthesis (BBN) are in good agreement with those inferred from the observations, which has supported the standard hot big-bang cosmology since 1960's (for review see, [1] ). The BBN is very sensitive to physical conditions at T 1 − 0.01 MeV and hence it is an excellent probe to the early universe. For example, an extra radiation component existing T ∼ 1 MeV changes the predicted abundances of 4 He and D and could spoil the success of the BBN, which gives a stringent constraint on the extra radiation energy.
In modern cosmology it is believed that the hot universe is produced after inflation which is an accelerated expansion of the universe and solves several problems in the standard cosmology. One of the most important roles of inflation is a generation of density perturbations. During inflation light scalar fields, including the inflaton, acquire quantum fluctuations which become classical by the accelerated expansion and leads to density perturbations. If only one scalar field (= inflaton) is involved in generation of the density perturbations the produced perturbations are adiabatic and nearly scale invariant, which perfectly agrees with the observations of the CMB and large scale structures on large scales ( O(10) Mpc). The amplitude of the power spectrum of the curvature perturbations is precisely determined as P ζ = 2.1 × 10 −9 at the pivot scale k = 0.002 Mpc −1 by the CMB observations [2] . However, as for small scales we know little about the shape and amplitude of the power spectrum of the density perturbations and there are a few constraints on the curvature perturbations from the CMB µ-distortion due to the Silk dumping [3] and overproduction of primordial black holes [4] . The BBN also gives constraints on the amplitude of the curvature perturbations since they can affect n/p and/or baryon-to-photon ratio through the second order effects and hence change the abundance of the light elements [5, 6, 7] .
Inflation produces not only the curvature (adiabatic) perturbations but also the isocurvature ones. The isocurvature perturbations are produced when multiple scalar fields are involved in generation of the density perturbations. In particular, when scalar fields play an important role in baryogenesis, baryonic isocurvature perturbations are generally produced. A well-known example is the Affleck-Dine baryogenesis [8] where a scalar quark has a large field value during inflation and generates baryon number through dynamics after inflation. This baryogenesis scenario produces the baryonic isocurvature perturbations unless the scalar quark has a large mass in the phase direction [9, 10] . Since the CMB observations are quite consistent with the curvature perturbations, the isocurvature perturbations on the CMB scales are stringently constrained [11] . However, there are almost no constraints on small-scale isocurvature perturbations.
In this paper we show that large baryonic isocurvature perturbations existing at the BBN epoch (T ∼ 0.1 MeV) change the D abundance by their second order effect. Because the primordial abundance of D is precisely measured with accuracy about 1 % [12, 13] , we can obtain a significant constraint on the amplitude P S B of the baryonic isocurvature perturbations. It is found that the amplitude should be P S B 0.016 (2σ) for scale k −1 0.0025 pc. We also apply the constraint to the relaxation leptogenesis scenario [14, 15] where large fluctuations of a scalar field play a crucial role in leptogenesis and large baryonic isocurvature perturbations are predicted. We show that the BBN gives a significant constraint on this scenario.
The paper is organized as follows. In Sec. 2 we briefly review the measurement of the D abundance. We show how the baryonic isocurvature perturbations change the D abundance and obtain a generic constraint on their amplitude in Sec. 3. In Sec. 4 we apply the BBN constraint on the relaxation leptogenesis scenario. Sec. 5 is devoted for conclusions.
Deuterium abundance
Light elements like D, 3 He and 4 He are synthesized in the early Universe at temperature T 1 MeV−0.01 MeV. This big bang nucleosynthesis predicts the abundances of light elements which are in agreement with those inferred by observations. In particular, the deuterium abundance has been precisely measured by observing absorption of QSO lights due to damped Lyman-α systems. Most recently Zavaryzin et al. [12] reported the primordial D abundance,
from measurements of 13 damped Lyman-α systems. Here D/H is the ratio of the number densities of D and H. The observed abundance should be compared with the theoretical prediction. The D abundance produced in BBN is calculated by numerically solving the nuclear reaction network and in the standard case the result is only dependent on the baryon density Ω B . We adopt the following fitting formula in Ref. [2] :
where ω B = Ω B h 2 and h is the Hubble constant in units of 100km/s/Mpc. This formula is obtained using the PArthENoPE code [16] and its uncertainty is ±0.12(2σ). The observational constraint Eq. (1) and the prediction Eq. (2) are shown in Fig. 1 . From the figure the BBN prediction is consistent with the observed abundance for Ω B h 2 0.022 − 0.023. The baryon density is also precisely determined by CMB observations. The recent Plank measurement gives
which is also shown in Fig. 1 . It is seen that the baryon densities determined by BBN and CMB are consistent. However, if the predicted D abundance increases by about 3% in the case with 2σ uncertainties, they become inconsistent and hence any effect that increases the D abundance is stringently constrained.
Baryonic isocurvature perturbations and deuterium abundance
Here we assume that only baryon number fluctuations are produced in the early universe. Such fluctuations are called baryonic isocurvature density perturbations S B which are written as
where ρ γ and δρ γ are the photon energy density and its perturbation, and we have used the above assumption of the nonexistence of photon perturbations in the last equality. When the baryon number density has spatial fluctuations it can affect the BBN and change the abundance of light elements. In particular, modification of the D abundance is important because it is precisely determined by the recent measurement. Let us consider the BBN prediction of D in the presence of the baryon number fluctuations by using Eq. (2). In order to take into account the baryon number fluctuations, we consider ω B in Eq. (2) as space dependent variable,
whereω B is the homogeneous part and δω B denotes the fluctuations which are related to S B as
Withω B and S B , Eq. (2) is rewritten as
where
Since D production takes place at T 0.1 MeV we estimate S B at that time. To estimate the primordial D abundance we should average y d over the volume V corresponding to the present horizon. Using S B = 0, we obtain
where · · · denotes the spatial average. Thus, the D abundance is modified from the homogeneous case owing to the second order effect of the baryonic isocurvature perturbations. The 
where y obs,mean and y th,mean are the mean values of the observation and theoretical prediction and σ 2 obs and σ 2 th are the standard deviations of y obs and y th . Note that y th,mean and σ y th are calculated by Eq. (8) and therefore they depend on S 2 B . Imposing the conditions, D < 1 or D < 2, we can get the constraints on the isocurvature perturbations as S 2 B < 0.0020 (1σ) or S 2 B < 0.016 (2σ). Let us calculate S 2 B from the Fourier mode S B ( k) as
where P S B (k) is the power spectrum of the baryonic isocurvature perturbations. Here we should pay attention to the upper limit of the k-integration. The baryons diffuse in the early universe, which erases the baryon number fluctuations with their wavelength less than the diffusion length. So the upper limit of the integration is the wave number k d which corresponds to the diffusion length at the BBN epoch (T 0.1 MeV). The diffusion length of neutrons d n is much larger than that of protons, so k d is given by d −1 n . The neutron diffusion is determined by neutron-proton scatterings and the comoving diffusion length is given by [17] 
Thus, S 2 B is given by
Here k * is the scale corresponding to the present horizon (k −1 * 3000h −1 Mpc). Here, let us summarize the constraints on power spectra of baryonic isocurvature perturbations. In addition to the BBN constraint, which we have discussed so far, there are constraints from the observations of the CMB anisotropy and large scale structure (LSS) [11, 18, 19] . 1 From the CMB anisotropy observations, the effective cold dark matter (CDM) isocurvature perturbations are constrained as (95% CL) [11] 
β iso,CDM (k) is defined as
where P S CDM,eff is the power spectrum of the effective CDM isocurvature perturbations, which is defined as S CDM,eff = S CDM + Ω B h 2 Ω CDM h 2 S B with the CDM energy density parameter Ω CDM h 2 (= 0.119). In the case with baryonic isocurvature perturbations but without CDM ones, the rela-
P S B is satisfied. Then we can convert the constraints on P S CDM,eff into those on P S B . Meanwhile, from the combination of the LSS, such as the Lyman-α forest anisotropy, and CMB observations, the isocurvature perturbations are constrained as (95% CL) [18] A iso,bar = −0.06
where A 2 iso,bar ≡ P S B (k 0 )/P ζ (k 0 ) (k 0 = 0.05 Mpc −1 ) and this constraint is based on the assumptions that the spectral index of the isocurvature perturbations is the same as that of the curvature perturbations and the isocurvature perturbations are fully correlated with the curvature perturbations. A positive value of A iso,bar means the full positive correlation and a negative one means Figure 3 : The summary of the constraints on baryonic isocurvature perturbations. An orange shaded region is excluded by the D observations, which we derived in this paper. A blue shaded region is excluded by the CMB observations [11] . For comparison, we plot also the constraints from the combination of CMB and LSS observations with a green dotted line [18] , though this constraint is based on some assumptions (see text). the full negative (or anti-) correlation. Note that the Lyman-α forest observations can see the power spectra in smaller scale (k 1 Mpc −1 ) than the CMB observations can (k 0.1 Mpc −1 ).
To visualize the BBN constraints, we assume that the power spectrum is monochromatic as
With this monochromatic power spectrum, the equation S 2 B = P S B is satisfied. In Fig. 3 , we show the P S B region excluded by the BBN observations with orange shaded one. For comparison, we show also the constraints from the CMB and LSS observations given by Eqs. (13) and (15) . Regarding the combination constraint in Fig. 3 , to show the conservative constraint, we assume the full negative correlation and take A iso,bar = −0.40. Note that the derived constraint on S 2 B is valid even in the compensated isocurvature perturbations [20] , in which the CDM isocurvature perturbation totally compensates the baryonic one, because BBN occurs during radiation era and is independent of CDM perturbations. 2 Before closing this section, we discuss the applicability of Eq. (2) to the inhomogeneous BBN. Since D is synthesized in a rather short period (T = 0.1-0.05 MeV), we can focus on only that period. The most important scale in our problem is the diffusion length. In Eq. (12) we take the neutron diffusion length d n as a cutoff because the proton diffusion length d p is about 100 times shorter than d n [17] . If the fluctuation wavelength k −1 of baryons are larger than the neutron diffusion scale d n , the diffusion does not play an important role and D production takes place in locally homogeneous regions, which justifies the use of Eq. (2). Thus, our generic constraint in 
n . On the other hand, if k −1 is smaller than the proton diffusion length, diffusion makes baryons homogeneous, so again we can use Eq. (2). The complicated situation occurs when the fluctuation scale is d −1 n < k < d −1 p . To see how BBN is affected by such fluctuations, let us consider a region with size d n . In this region neutrons are homogeneous but protons fluctuate, which produces high and low proton sub-regions in a homogeneous neutron region. In high proton sub-regions BBN proceeds a little earlier than in low proton sub-regions, which leads to more 4 He and hence less D. Because the fluctuations are perturbative, the net result is the same as the homogeneous BBN in the first order. However, if we take the second order effect into account, we have to consider the diffuse-back of neutrons. In the high proton sub-regions neutron are consumed for D production earlier and neutron density becomes smaller than the low proton sub-regions. Then neutrons in the low proton sub-region diffuse into the high proton sub-regions and those neutrons are consumed. Thus, as a net result, D could decrease by the second order effect. Since it is difficult to estimate this effect quantitatively, we assume that the effect is small in this paper.
Relaxation leptogenesis
One model capable of generating the baryonic isocurvature perturbations is the relaxation leptogenesis [14, 27, 15] . In this section, we will briefly review the relaxation leptogenesis framework and discuss the improved constraint from the deuterium abundance on this type of models. In the relaxation leptogenesis framework, the generation of lepton/baryon asymmetry is driven by the classical motion of a scalar field φ during the period of cosmic inflation and the following reheating stage of the universe. During inflation, a light scalar field φ with mass m φ < H I can develop a large nonzero vacuum expectation value (VEV) φ 0 ≡ φ 2 through quantum fluctuations [28, 29, 30] . If the quantum fluctuation is not suppressed by the potential or other interactions, the φ can reach an equilibrium VEV φ 0 satisfying V (φ 0 ) ∼ H 4 I , where H I = Λ 2 I / √ 3M pl is the Hubble rate during inflation, and Λ I is the inflationary energy scale.
However, in general, one can expect there are interactions between φ and the inflaton field I of the form
In the early stage of the inflation when the inflaton VEV I is large, interactions like Eq. (17) can contribute a large effective mass term [m φ (I) H I ] to φ suppressing the quantum fluctuations of φ. As the inflaton VEV I decreases in the later stage of inflation, φ becomes lighter. When the effective mass of φ falls below m φ (I) < H I , the quantum fluctuations of φ can start to grow. If the VEV of φ only develops in the last N last e-folds of inflation, its VEV can reach φ 0 √ N last H I /2π. This is the "IC-2" scenario considered in [14, 15] . During reheating, the VEV of φ relaxes to the minimum of the potential and oscillates with decreasing amplitudes. The relaxation of φ provides the out of thermal equilibrium condition and breaks time-reversal symmetry, allowing baryogenesis to proceed. For successful relaxation leptogenesis, one considers the derivative coupling between the φ and the B + L fermion current j µ B+L of the form
for some higher energy scale Λ n . This operator can be treated as an effective chemical potential for the fermion current j B+L as φ evolves in time. In the presence of a B or L-violating process, the system can then relax toward a state with nonzero B or L.
In the case of Higgs relaxation leptogenesis (φ = h), the final lepton asymmetry, Y ≡ n L /s, is estimated to be [31] 
if the Higgs potential is dominated by the thermal mass term V (φ, T ) ≈ 1 2 α 2 T T 2 φ 2 during reheating. The parameters for Eq. (19) are α T ≈ 0.33 at the energy scale µ ∼ 10 13 GeV, g * S = 106.75, and z 0 = 3.376. σ R is the thermally averaged cross section of the L-violating process, which we consider to be the scattering between left-handed neutrinos via the exchange of a heavy right-handed neutrino. φ 0 is the initial VEV of the Higgs field at the end of inflation, which depends on N last . The reheating channel is assumed to be perturbative with the reheat temperature T RH 24/π 2 g *
1/4
M pl /t RH when reheating is complete at t RH . The produced lepton asymmetry then turns into baryon asymmetry through the Sphaleron process and becomes the baryon density of the universe as the universe cools down.
Since the asymmetry generated in this manner depends crucially on the initial VEV φ 0 , the spatial fluctuation of φ due to quantum fluctuation at inflation stage can result in baryonic perturbations at later time. These perturbations are isocurvature modes because the scalar field φ is not the inflaton I and doesn't dominate the energy density of the universe. As we have discussed in previous sections, baryonic isocurvature perturbations are constrained by observations in both the amplitude and the spatial scale k. Thus, we can translate these into the constraints on the N last of the Higgs field and other inflation parameters like Λ I and T RH .
As computed in Ref. [31] , the power spectrum of the baryon density perturbations resulted from the quantum fluctuation of φ is
for the fluctuation of φ only developed in the last N last e-fold of inflation. Here k s ∼ a (N last ) H I is the comoving wave number corresponding to the mode which first leaves the horizon. By considering a typical inflation setup with the inflationary energy scale Λ I and the reheat temperature T RH , we can then relate k s and N last by
for Λ I = 10 16 GeV, T RH = 10 12 GeV, and T now = 2.726 K. The square of the baryonic isocurvature perturbations S 2 B is then given by
where in the last step we have assumed k * < k s . With Eq. (22), we have
The constraint on baryonic isocurvature perturbation from the D abundance then gives an upper bound on N last as N last 33.7 (2σ), (27) for Λ I = 10 16 GeV and T RH = 10 12 GeV. Figure 4 shows the baryonic isocurvature perturbations generated by the Higgs relaxation leptogenesis model at various N last and Λ I . We see that larger values of Λ I and T RH allowing for larger N last . We also see that for each choice of parameters (Λ I , T RH ), there is a minimum N last below which the fluctuation S 2 B becomes zero. This corresponds to the case when the 16 GeV is constrained by Planck non-observation of tensor mode [11] . For successful inflation, one also requires Λ I > T RH , which is indicated as the horizontal parts of each contours.
scale of the produced baryonic perturbations is smaller than the baryon diffusion scale k d . So the baryonic perturbation is washed out by neutron diffusion before the BBN. Figure 5 shows the parameter space in Λ I vs N last at various reheat temperatures T RH . Note that the CMB observations from Planck gives an upper bound on the inflationary energy scale Λ I < 1.88 × 10 16 GeV [11] . For successful Thus, for a given set of Λ I and T RH , the D abundance constraint provides an upper bound on N last .
Conclusion
We have shown that large baryonic isocurvature perturbations existing at the BBN epoch (T ∼ 0.1 MeV) change the D abundance by the second order effect, which, together with the recent precise D measurement with accuracy about 1 %, leads to a constraint on the amplitude of the power spectrum P S B of the baryon isocurvature perturbations. It is found that the amplitude should be P S B 0.016 (2σ) for scale k −1 0.0025 pc [see Fig. 3 ]. Since there has been no constraint on baryonic isocurvature perturbations on small scale k −1 < 10 Mpc, the BBN constraint obteined in this paper is the most stringent one for 0.1 Mpc We have also applied the BBN constraint to the relaxation leptogenesis scenario where large baryon isocurvature perturbations are produced in the last N last e-fold of inflation. It is found that the upper bound on N last is imposed as N last 34 for T R 10 12 GeV from the BBN constraint on baryonic isocurvature perturbations.
